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(57) ABSTRACT

Embodiments of the disclosure include a de-icing system for
an aircraft. The de-icing system includes a plurality of
resistive-inductive heating elements inserted adjacent to a
flight control surface and a controller configured to provide
a supply current to each of the plurality of resistive-induc-
tive heating elements. Each of the plurality of resistive-
inductive heating elements produces an electromagnetic
field normal to the flight control surfaces and resistive heat
in response to the supply current. The electromagnetic field
induces an eddy current in the flight control surface.

6 Claims, 3 Drawing Sheets
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1
RESISTIVE-INDUCTIVE DE-ICING OF
AIRCRAFT FLIGHT CONTROL SURFACES

BACKGROUND OF THE INVENTION

The present disclosure relates to de-icing systems for an
aircraft, and more specifically, to resistive-inductive de-
icing systems for aircraft flight control surfaces.

Icing of aircraft flight control surfaces during adverse
ambient flight conditions is a well-known aerodynamic
problem. Ice formation and accumulation on flight control
surfaces may cause the performance of the component
and/or system to be degraded. In addition, the shearing of
accumulated ice may cause damage to aircraft components
in the downstream path of the flying ice. Additional damage
to “runback” where melted ice water travels along the
de-iced surface and subsequently re-freezes on the un-heated
portions of the de-iced surface are also very serious. Such
damages may incapacitate various aircraft flight control
systems and could, in the extreme case, lead to a catastrophic
aircraft damage causing loss of property and life. Hence, the
proposed de-icing system can be configured to be either
“running wet” (i.e., just enough heat is supplied to the
de-iced surface to convert ice to liquid water) or “running
dry” (i.e., enough heat is supplied to the de-iced surface to
convert ice to water vapor). Both configurations are plau-
sible and can be supported by the proposed de-icing system.
However, in order to avoid any “runback”-related problems,
it may be beneficial to design the de-icing system in a “run
dry” configuration.

One common method for preventing icing on aerody-
namic control surfaces is the application of various anti-
icing fluids to create a shield coating over the protected
aerodynamic control surface. The fluid is designed to not
allow ice formation and to aid in repelling any accumulated
ice and/or snow.

Other de-icing approaches that have been developed
include in-flight de-icing for both moving parts as well as
fixed aerodynamic surfaces. Some of the most widely used
methods for de-icing flight control surfaces are based on
electrical resistive heating or pneumatic heating using hot
pressurized air bleed from a predetermined compressor stage
of the aircraft engines. Existing pneumatic systems result in
a direct parasitic loss on the thermodynamic performance of
the engines. Due to the desire to minimize weight associated
with plumbing and valves required by pneumatic systems,
the flight control surfaces that are heated are typically
limited to the surfaces located in the vicinity of the hot air
bleed source, i.e. the main engines. In most modern civil
aircraft configurations this means that the wings’ leading
edges will be heated (due to the proximity to the pod-style
under-wing suspended engines) but other critical flight sur-
faces such as the leading edge of the vertical stabilizer (fin),
or the horizontal stabilizers, or the nose cone of the aircraft
fuselage may not be heated.

BRIEF DESCRIPTION OF THE INVENTION

According to one embodiment, a de-icing system for an
aircraft includes a plurality of solenoids disposed adjacent to
a flight control surface and a controller configured to provide
a supply current to each of the plurality of solenoids. Each
of the plurality of solenoids produces an electromagnetic
field in response to the supply current. The electromagnetic
field induces an eddy current in the de-iced flight control
surface.
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Accordingly to another embodiment, the de-icing system
includes a plurality of resistive-inductive (RL) heating ele-
ments inserted adjacent to a flight control surface and a
controller configured to provide a supply current to each of
the plurality of resistive-inductive heating elements. Each of
the plurality of resistive-inductive heating elements pro-
duces an electromagnetic field and resistive heat in response
to the supply alternating current (AC). The electromagnetic
field induces an eddy current in the conductive flight control
surface.

Additional features and advantages are realized through
the techniques of the present invention. Other embodiments
and aspects of the invention are described in detail herein
and are considered a part of the claimed invention. For a
better understanding of the invention with the advantages
and the features, refer to the description and to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter which is regarded as the invention is
particularly pointed out and distinctly claimed in the claims
at the conclusion of the specification. The foregoing and
other features, and advantages of the invention are apparent
from the following detailed description taken in conjunction
with the accompanying drawings in which:

FIG. 1 is a schematic diagram of a portion of an aircraft
de-icing system in accordance with an embodiment of the
disclosure;

FIG. 2 is a schematic diagram of a matrix of resistive-
inductive heating elements of an aircraft de-icing system in
accordance with an embodiment of the disclosure; and

FIG. 3 is a schematic diagram illustrating a magnetic field
produced by several elements in accordance with an
embodiment of the disclosure.

DETAILED DESCRIPTION OF THE
INVENTION

Embodiments of the present disclosure include a system
for de-icing of aircraft flight control surfaces that do not
require electrical connections, wires, or thermal plumbing/
mechanical connections to the aircraft engine. The system
for de-icing of aircraft flight control surfaces includes an
array of heating elements in the form of coils (solenoids) that
are used to produce an alternating current (AC) electromag-
netic field in the inside of a flight control surface to be
protected. Heat is also dissipated in the solenoids as Joule’s
losses, I°R, where 1 is the electric current and R is the
resistance. The flight control surfaces may include, but are
not limited to, wing’s leading edge, slats, horizontal/vertical
stabilizers leading edges, etc. In one embodiment, the sole-
noids may be inserted directly on an inner surface of a flight
control surface or in close proximity thereto.

Referring now to FIG. 1, a schematic diagram of a portion
of an aircraft de-icing system 100 in accordance with an
embodiment of the disclosure is shown. As illustrated, the
aircraft de-icing system 100 includes a plurality of solenoids
104 that disposed directly on, in close proximity to, a flight
control surface 102. In one embodiment, multiple solenoids
104 can be located in various locations inside of the leading
edge of an aircraft wing to provide modular control and a
high operability/survivability rate in the case of the failure a
single solenoid 104. Each of the plurality of solenoids 104
are connected to a controller 106 that is configured to supply
power to the solenoids 104. In one embodiment, the aircraft
de-icing system 100 also includes one or more sensors 110
that are configured to monitor the ambient conditions around
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the aircraft, such as the temperature of the flight control
surface 102. The sensors 110 may also be configured to
provide the controller 106 with information regarding the
ambient conditions around the aircraft.

The solenoids 104 are configured to receive power from
the controller 106 and to responsively create an electromag-
netic field. In one embodiment, the electromagnetic field
produced by the solenoids 104 induces an eddy current in
nearby a flight control surface 102, which causes the flight
control surface 102 to heat and melt (in a “run wet”
configuration) or to heat and evaporate (in a “run dry”
configuration) any ice accumulation.

In one embodiment, the controller 106 may vary the
current supplied to the solenoids 104 thus controlling the
strength of the electromagnetic field produced by the sole-
noids 104, which in turn is controlled to match the ambient
conditions around the aircraft. In one embodiment, the
controller 106 may use a pulse-width modulated (PWM)
current supply signal to control the strength of the electro-
magnetic field produced by the solenoids 104. The current
supply provided by the controller 106 to the solenoids may
come from any aircraft on-board source including, but not
limited to, an engine generator, a storage battery via an
inverter, an auxiliary power unit (APU), or the like. In one
embodiment, the solenoids 104 may be activated at any time
during the flight with no direct engine performance decrease.
In another embodiment, the solenoids 104 may be activated
on the ground while the aircraft is stationary and the engines
are turned off by using electric supply power from the APU
or an external power (EP) ground cart.

In one embodiment, to reduce the weight of the aircraft
de-icing system 100, solenoids 104 can be made of alumi-
num rather than the traditional copper wiring. In other
embodiments, an array (matrix) of coils made of copper foil
can be used to further reduce the weight of the aircraft
de-icing system 100.

In one embodiment, an aircraft de-icing system shown in
FIG. 1 may be configured to utilize a plurality of resistive-
inductive heating elements. Referring now to FIG. 2, a
matrix 200 of resistive-inductive heating elements 202 of an
aircraft de-icing system in accordance with an embodiment
of the disclosure is shown. In one embodiment, a flight
control surface of an aircraft is covered with a foil mesh
incorporating a matrix 200 of mxn resistive-inductive heat-
ing elements 202, also referred to as RL elements 202. In one
embodiment, the matrix 200 includes a plurality of RL
elements 202 connected in series (m elements) and in
parallel (n elements). The numbers n and m can be selected
based on the application, i.e., a surface area to be heated,
voltage, frequency and available power. The RL elements
202 are made of copper or other conductive material, e.g.,
aluminum. In one embodiment, the matrix 200 of RL
elements 202 can be made by stamping or using photoli-
thography. In one embodiment, the matrix 200 of RL ele-
ments 202 is disposed on a substrate can be extremely thin
and flexible, for example the thickness of the substrate can
be as thin as 0.0005 in=0.0127 mm. In one embodiment, the
thin polyimide substrates can be easily shaped to adjust their
shape to the shape of the flight control surfaces of the wings’
leading edges or slats. In addition, the matrix construction
allows adjustment of the heater to the given heating
demands, surface and parameters of AC power source.
While this provides sufficient thermal power to de-ice the
flight control surfaces, it helps minimize the “runback”
problem, thus keeping the downstream un-heated portions of
the de-iced surfaces ice-free.
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In one embodiment, in addition to resistive heating the RL
elements 202 are configured to utilize inductance to produce
eddy currents in the flight control surface that the matrix 200
is disposed upon. The RL elements 202 shown in FIG. 2 are
arranged in such a way as to create opposite polarity in their
series connection, i.e., N, S, N, S, N, . . . . This provides
closed lines of the magnetic flux between neighboring
elements and intensive generation of eddy currents in the
skin of the flight control surface.

In one embodiment, the frequency of current supply is
=400 Hz, and the flight control surface is made of alumi-
num alloy having a conductivity of o,,=25x10° S/m and
magnetic permeability equal to the permeability of free
space 11,=0.4mx107% H/m. The equivalent depth of penetra-
tion of the electromagnetic field into skin of the flight control
surface is:

1
§=— =

V7 f oo al

1
=5.033x107°m~5Smm.

VX 400X 0.4 7% 106 % 25 x 10°

Accordingly, an aluminum skin of a flight control surface
with a thickness of less than five millimeters may be totally
penetrated by the 400-Hz electromagnetic field that provides
intensive eddy currents and effective inductive heating.

Referring now to FIG. 3, a schematic diagram illustrating
a magnetic field 302 produced by one or more elements 304
are shown. The elements 304 may be solenoids, as discussed
with reference to FIG. 1, or RL elements configured into a
matrix, as discussed with reference to FIG. 2. As illustrated,
the magnetic field 302 produced by the elements 304 is
normal to the flight control surface 306 and it is configured
to penetrate the flight control surface 306.

In one embodiment, it is assumed that the coefficient of
heat transfer o,=25 W/(m> K), coefficient of air stream
c,=1.0, temperature rise A6=40° C. (from -35 to 5° C.),
surface to be heated AS=1.0 m?, velocity of aircraft v=800
km/h. Accordingly, the thermal resistance is:

1 1
Ry = =

wo(l + ca\/V)AS 800
25.0x[1+1.0 EY3 x1.0

K'w

=2.515%1073

and the power converted into heat (thermal flux) is:

Af 40
=—=——— =15907.12
Ry 2515x1073
w.

For the approximately 16 kW of power need to be delivered
by an AC electric source to heat up a 1 m? of the surface of
the wing skin of the leading edge or the slats, the current
delivered by a three-phase AC source 115/200 V, 400 Hz at
power factor=0.8 must be:

15907.12
P 3% 115%08

A,

57.6

This condition can be met if the heater inductance is, e.g.,
L;=0.48 mH and its resistance is R,;=1.59Q. After simple
calculations, one will get the modulus of impedance
Zghfl.966§2, power factor=0.797, 1,,=V,,/7,=57.6 A and
dissipated power SIth2115836.4 W.
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In one embodiment, by using the electromagnetic or
resistive-inductive based de-icing systems, weight savings
in the form of the eliminated pneumatic tubing and anti-
icing valves can be realized. In addition, a reduced amount,
and therefore weight, of fuel needs to be consumed by the
main engines to generate the needed amount of power while
accounting for the parasitic losses due to the hot compressed
air bleed off the engine’s compressor stages. In conventional
pneumatic-based de-icing systems, this hot compressed air
is used for de-icing of various flight control surfaces.

While the invention has been described in detail in
connection with only a limited number of embodiments, it
should be readily understood that the invention is not limited
to such disclosed embodiments. Rather, the invention can be
modified to incorporate any number of variations, altera-
tions, substitutions or equivalent arrangements not hereto-
fore described, but which are commensurate with the spirit
and scope of the invention. Additionally, while various
embodiments of the invention have been described, it is to
be understood that aspects of the invention may include only
some of the described embodiments. Accordingly, the inven-
tion is not to be seen as limited by the foregoing description,
but is only limited by the scope of the appended claims.

What is claimed is:

1. A de-icing system for an aircraft comprising:

a flexible substrate incorporating a matrix of a plurality of
resistive-inductive heating elements adapted to be car-
ried by a flight control surface;

said matrix configuration of the plurality of resistive-
inductive heating elements including an mxn matrix
with the m resistive-inductive heating elements con-
nected in series and the n resistive-inductive heating
elements in parallel;

said matrix configuration of the plurality of resistive-
inductive heating elements being arranged such that
adjacent resistive-inductive heating elements have
opposite magnetic polarity;
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a controller configured to provide a supply current to each
of the plurality of resistive-inductive heating elements,
wherein the controller may receive current from a
plurality of current sources;

wherein each of the plurality of resistive-inductive heat-
ing elements produces an eclectromagnetic field and
resistive heat in response to the supply current and
wherein the electromagnetic field normal to the flight
control surfaces induces an eddy current in the flight
control surface;

and wherein the electromagnetic field produced by each
of the plurality of resistive-inductive heating elements
is strong enough to totally penetrate the flight control
surface.

2. The de-icing system of claim 1, further comprising:

one or more sensors configured to monitor the ambient
conditions of the flight control surface, wherein the
controller is configured to receive information from the
one or more sensors.

3. The de-icing system of claim 2, wherein the controller
is configured to responsively control the supply current
provided to each of the plurality of resistive-inductive
heating elements based on the information received from the
one or more sensors.

4. The de-icing system of claim 1, wherein the controller
may receive current from a source external to the aircraft.

5. The de-icing system of claim 1, wherein the controller
may receive current from both an on-board source or exter-
nal source which includes one or more of an electric supply
of power from an auxiliary power unit, an engine generator,
a storage battery, and an external power (EP) ground cart.

6. The de-icing system of claim 5, wherein the de-icing
system may be activated on the ground while the aircraft is
stationary and the engines are turned off by using electric
supply power from the auxiliary power unit.
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